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This study aims at better understanding the effects of fermentation pH and harvesting time on Lactobacillus
bulgaricus CFL1 cellular state in order to improve knowledge of the dynamics of the physiological state and to better
manage starter production. The Cinac system and multiparametric flow cytometry were used to characterize and
compare the progress of the physiological events that occurred during pH 6 and pH 5 controlled cultures.
Acidification activity, membrane damage, enzymatic activity, cellular depolarization, intracellular pH, and pH
gradient were determined and compared during growing conditions. Strong differences in the time course of
viability, membrane integrity, and acidification activity were displayed between pH 6 and pH 5 cultures. As a main
result, the pH 5 control during fermentation allowed the cells to maintain a more robust physiological state, with
high viability and stable acidification activity throughout growth, in opposition to a viability decrease and fluctu-
ation of activity at pH 6. This result was mainly explained by differences in lactate concentration in the culture
medium and in pH gradient value. The elevated content of the ionic lactate form at high pH values damaged
membrane integrity that led to a viability decrease. In contrast, the high pH gradient observed throughout pH 5
cultures was associated with an increased energetic level that helped the cells maintain their physiological state.
Such results may benefit industrial starter producers and fermented-product manufacturers by allowing them to
better control the quality of their starters, before freezing or before using them for food fermentation.

Lactic acid bacteria are traditionally used to produce or to
preserve various food products such as fermented milks, meats,
and vegetables. Their ability to initiate rapid acidification of
the raw material is essential to improve the flavor, texture, and
safety of these products (11, 14). In order to prevent poor
fermentation yields and to improve the quality and reliability
of the products, it is important to maintain proper control
starter production. This control may be achieved by studying
the effects of process parameters on the growth kinetics of the
bacteria and on their acidification activity and physiological
state in growing conditions. Among all process parameters, pH
and harvesting time are key factors that strongly influence the
physiological state of lactic acid bacteria after fermentation
and stabilization.

Lactic acid starters are currently produced using pH-con-
trolled pure cultures (6), during which pH is generally regu-
lated at an optimal value by continuously adding sodium hy-
droxide or ammonia in the bioreactor (23). Various growth
characteristics such as maximal biomass concentration, specific
growth rate, fermentation time, sugar consumption or growth,
and product yields are significantly influenced by the pH con-
trol value (1, 4). Optimal pH ranges were therefore deter-
mined for several lactic acid bacteria, such as Streptococcus
thermophilus (pH 6.5), Lactobacillus bulgaricus (pH 5.8 to 6) (5,
22), or Lactococcus lactis subsp. cremoris (pH 6.3 to 6.9) (8).

Compared to acidic fermentations, pH-controlled cultures
led to higher growth yields and productivity (9, 23) as a result

of the lower level of nondissociated lactic acid in the culture
medium (2, 12, 15). The acidification of the cytoplasm induced
by the nondissociated form of the weak organic acid leads to
the collapse of the proton motive force (13). This phenomenon
inhibits nutrient transport and enzymatic reactions and leads
to DNA alteration and biomass inactivation (12). Maintaining
the extracellular pH (pHext) at a high value helps the cells
stabilize their intracellular pH at a sufficiently high value (9),
thus decreasing the inhibiting effect of lactic acid.

Fermentation pH also acts on energetic parameters, such as
internal pH (pHi), pH gradient (dpH), proton motive force,
membrane potential, NADH/NAD ratio, ATP level and rate of
ATP formation, and lactate dehydrogenase and ATPase activity
(1, 9, 17). During batch cultures of L. lactis performed with or
without pH control, Cachon et al. (9) showed that pH control has
a significant influence on the variations of pHi, dpH, and NADH/
NAD ratio, thus acting on growth parameters. Moreover, in batch
cultures, pHi is dependent upon both the external pH and the age
of culture. Mercade et al. (17) showed that cultures of L. bulgari-
cus at controlled pH 6.4 are inhibited at the level of anabolism but
were not energy limited. They are characterized by a high main-
tenance coefficient in contrast to cultures without pH control
which consume intracellular energy for pHi regulation.

The effect of pH on cellular physiology is confirmed by other
studies which show that it influences acidification activity of
lactic acid bacteria (23–25). Whereas Wang et al. (25) indi-
cated that Lactobacillus acidophilus cells grown at optimal pH
display a higher residual acidification activity than cells grown
at lower pH control values, Schepers et al. (24) and Savoie et
al. (23) demonstrated that this activity is higher when starters
are produced without pH control or at low pH control values.
These authors explained that conditions generating high bio-
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mass concentrations do not systematically lead to cells with an
efficient acidification activity.

From this information, the effect of pH control was eluci-
dated on growth and energetic parameters, whereas its effect
on the dynamic of cellular physiology, viability, and acidifica-
tion activity during growth is still not determined.

A few authors demonstrated that the harvesting time has a
strong impact on cellular parameters such as viability and acid-
ification activity (3, 20, 24). Béal et al. (6) specified that there
is an optimal range of time during which to harvest cells in a
good physiological state, i.e., at a high cellular concentration
and a high acidification activity. However, since this optimal
range is strongly strain and condition dependent, more infor-
mation is needed about the influence of harvesting time on
physiological parameters.

In order to improve knowledge about the effects of fermen-
tation pH and harvesting time on starter’s quality, we sought
here to apply some rapid and relevant methods to characterize
the dynamic of L. delbrueckii subsp. bulgaricus CFL1 physio-
logical state throughout pH 6 and pH 5 fermentations. This
might allow industrial starter producers to better control their
fermentations and to achieve high-quality starters. Among the
available methods, the Cinac system and multiparametric flow
cytometry, associated with plate counts, made it possible to
determine and compare different physiological parameters
such as cultivability, acidification activity (Cinac system), mem-
brane damage, enzymatic activity, cell depolarization, intracel-
lular pH, and pH gradient (flow cytometry) (20). Two dynamic
schemes of the time course of the physiological state during pH
6 or pH 5 cultures are proposed and discussed.

MATERIALS AND METHODS

Bacterial strain and preculture conditions. Lactobacillus delbrueckii subsp.
bulgaricus CFL1 (INRA, Thiverval-Grignon, France) was used throughout the
present study. Frozen cells were stored at �80°C in MRS broth (AES-Chemu-
nex, Combourg, France) supplemented with 15% glycerol. Before inoculation in
the bioreactor, cells were subcultured twice, for 24 h and 8.5 h, at 42°C in 5 ml
of MRS broth.

Fermentation conditions. The culture medium was composed of 60 g liter�1

sweet whey powder (Eurosérum, Port-sur-Saône, France), which was adjusted to
pH 5 with 50% H2SO4, heat treated at 110°C for 20 min and centrifuged at
7,000 � g for 30 min at 4°C. After filtration (0.45-�m pore size), it was supple-
mented with 20 g liter�1 yeast extract (Organotechnie, La Courneuve, France)
and introduced into a 2-liter bioreactor (Setric Génie Industriel, Toulouse,
France). After sterilization at 110°C for 20 min, the initial pH was adjusted at pH
6, and inoculation was done at a low initial level of 20 � 5.5 CFU ml�1 to allow
overnight culture. Fermentations were performed at 42°C, 100 rpm, and with pH
6 or the pH 5 control, by automatic adding of a 5 N sodium hydroxide (NaOH)
solution in the bioreactor. The NaOH concentration (m, in g liter�1) and its
consumption rate (dm/dt, in g liter�1 min�1) were calculated with WCidus
software (INRA, Thiverval-Grignon, France).

The fermentation kinetics were therefore established, and the reproducibility
was assessed according to three descriptors: the maximal rate of NaOH con-
sumption (Vm, in g liter�1 min�1), the time necessary to reach Vm (tm, in min),
and the NaOH consumption (dNaOH, in g liter�1) at tm. Samples were taken
from the bioreactor at different sampling times, from the beginning of NaOH
consumption up to late stationary phase. In order to normalize the data obtained
from the different cultures, results were expressed as a function of the time tm
necessary to reach Vm, which was considered as a reference time.

HPLC measurements. Lactose, glucose, galactose, and lactic acid concentra-
tions were quantified by using high-performance liquid chromatography (HPLC;
Waters Associates, Millipore, Molsheim, France). Before the HPLC analyses,
each sample was combined with 120 g of trichloroacetic acid (Prolabo, Paris,
France) liter�1, centrifuged at 4,000 � g for 30 min at 4°C, and filtered (0.22-�m
pore size). The HPLC analysis was made on a cation-exchange column (Aminex

Ion Exclusion HPX-87H 300*7.8 mm; Bio-Rad, Richmond, CA) at 35°C with
propionic acid (10 g liter�1) as an internal standard. The mobile phase was 0.005
M H2SO4, and the flow rate was set at 0.6 ml min�1 (LC-6A pump; Shimadzu,
Courtaboeuf, France).

The dissociated lactate and nondissociated lactic acid concentrations, [A�]
and [AH], respectively, were evaluated as a function of the dissociation constant
of lactic acid (pKa � 3.86), the pH, and total lactic acid concentration, [LA], as
measured by HPLC. They were calculated by considering the following formulas:

[A�] / [AH] � 10(pH � pKa) (1)

[A�] � [AH] � [LA] (2)

Measurement of cultivability. Cultivability was evaluated by plate counts.
After serial dilutions in peptone water (Bacto peptone, 1 mg liter�1; Difco
Laboratories, Le Pont-de-Claix, France), cells were plated onto solid MRS agar
(AES-Chemunex) and incubated at 42°C for 48 h under anaerobic conditions
(Genbox 96124; bioMérieux, Marcy l’Etoile, France). Each result (N, in CFU
ml�1) was the geometrical mean of at least three counts.

Fluorescent probes and staining protocols. (i) Viability and mortality assess-
ment. Carboxyfluorescein diacetate (cFDA) was used to assess L. bulgaricus
CFL1 viability according to the method of Rault et al. (19). The nucleic acid dye
propidium iodide (PI) made it possible to quantify damaged and dead cells.
Live/dead assays were done by dual staining of each sample to differentiate
viable, dead, and damaged cells. Before staining, cell suspensions were diluted in
Chemsol B13 buffer (AES-Chemunex) to reach 106 cells ml�1. A 1-ml portion of
the diluted suspension was first supplemented with 10 �l of PI (1.496 mM in
distilled water; Sigma-Aldrich, Lyon, France) and incubated for 20 min at 40°C.
Then, 10 �l of cFDA (0.217 �M in acetone, Invitrogen-Molecular Probes,
Eragny-sur-Oise, France) was added, and incubation took place for 10 min
before direct analysis by flow cytometry.

(ii) Depolarization assessment. Bis(1,3-dibutylbarbituric acid) trimethine oxo-
nol [DIBAC4(3)] was used to assess the depolarization state of the cells (7). Dual
staining was performed in order to differentiate dead cells with PI and depolar-
ized cells with DIBAC4(3) in a single analysis. Then, 1 ml of a bacterial suspen-
sion was diluted in Chemsol B13 buffer (AES-Chemunex) to reach 106 cells ml�1

and incubated with 10 �l of PI (1.496 mM in distilled water; Sigma-Aldrich) for
10 min at 40°C. Then, 5 �l of DIBAC4(3) (96.78 �M in dimethyl sulfoxide;
Invitrogen-Molecular Probes) was added, and incubation took place for 20 min,
before direct analysis by flow cytometry.

(iii) pHi measurement. The fluorochrome 5-(6)-carboxyfluorescein diacetate
succinimidyl ester (cFDA-SE) was used for pHi measurements (21). The method
was first calibrated by using pH-equilibrated cells at known pHi (20). Cell
suspensions were diluted in a pH 7.3 Mac Ilvaine buffer (0.1 M citric acid [Fisher
Chemical, Elancourt, France]; 0.2 M disodium dihydrogenophosphate [J. T.
Baker, Deventer, The Netherlands]) to reach 107 cells ml�1. Next, 1 ml of the
diluted suspension was incubated with 5 �l of cFDA-SE (8.96 �M in acetone;
Invitrogen/Molecular Probes) for 10 min at 40°C. After staining, 100 �l of cell
suspension were diluted in 1 ml of McIlvaine buffers ranging from pH 4 to pH
7.5. Intracellular pH was equilibrated with buffer pH by addition of valinomycin
and nigericin (Sigma Aldrich) to a final concentration of 1 �M each. After 1 min
of incubation at 25°C, the fluorescence intensity was measured by flow cytometry.

A calibration curve was established by plotting the logarithm of the mean
fluorescence intensity as a function of pH of equilibrated cells, in the range of pH
4 to pH 7.5, as previously described by Rault et al. (20).

Analyses of intracellular pH of samples were carried out according to the same
protocol. After staining with cFDA-SE, 100 �l of cell suspension were diluted in
1 ml of a buffer adjusted to the external pH of the cells. The fluorescence
intensity was measured with flow cytometry, and the linear calibration curve
made it possible to quantify the intracellular pH (20).

(iv) Flow cytometry and data analyses. Flow cytometry analyses were per-
formed with a Cyflow cytometer (AES-Chemunex) equipped with a specific
volumetric counting system, an air-cooled argon ion laser emitting at 488 nm, and
four band-pass filters: a forward-angle light scatter (FSC) combined with a diode
collector, a side-angle light scatter (SSC), and two fluorescence signals collected
with photomultiplier tubes. A 530-nm band-pass filter (515 to 545 nm) was used
to collect the green fluorescence of carboxy fluorescein or DIBAC4(3) (FL1
channel), and a 630-nm long-pass filter was used to collect the red fluorescence
of PI (FL2 channel). The FACSFlow solution (Becton Dickinson, Le Pont-de-
Claix, France) was used as sheath fluid. Flow cytometry analyses were performed
by using logarithmic gains and specific detector settings adjusted on a sample
with unstained cells in order to eliminate cellular autofluorescence. A combina-
tion of FSC and SSC was used to discriminate the bacteria from the background.
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Data were collected and analyzed with Flowmax software (Partec, Sainte-
Geneviève-des-Bois, France). Subpopulations were identified by using dot plots
of FSC, SSC, green fluorescence, and red fluorescence, which separated the
different events. The data were analyzed with the aid of statistical tables given by
the Flowmax software. It indicated numbers (in cells ml�1) and percentages of
stained cells determined by each detector, along with the mean fluorescence
intensity of each fluorescent signal, and the associated coefficients of variation.
Each result corresponded to the mean of at least six measurements.

(v) Specific acidification activity measurements. The Cinac system (Ysebaert,
Frépillon, France) was used to assess the acidification activity of the cells (10).
Acidification was measured in triplicate at 42°C in 100 g of dry skim milk
(EPI-Ingredient, Ancenis, France) liter�1, heat treated at 110°C for 20 min in
150-ml flasks, and stored at 4°C before use. From a previous determination of
viable cell concentrations by cFDA staining and flow cytometry, the flasks were

inoculated at an initial concentration of 105 viable cells ml�1. The pH was
continuously measured by the Cinac system and led to the determination of the
time necessary to reach pH 5.5 (tpH5.5, in min) as a descriptor to characterize
the acidification activity of bacterial suspensions. The higher the tpH5.5 is, the
lower the acidification activity.

RESULTS

Fermentation kinetics. Table 1 summarizes the main kinetic
parameters characterizing the fermentations performed at pH
6 and pH 5. Since the 95% confidence intervals were low
compared to the mean values of the parameters, it was con-
sidered that the reproducibility of the cultures was satisfactory,
thus making it possible to analyze and compare the physiolog-
ical characteristics of the cells obtained from the different
batch cultures at each controlled pH.

As shown on Table 1, the fermentation kinetic was slower at
pH 5 than at pH 6, with a difference of �4 h for tm. This
difference was related to the lower maximal rate of NaOH
consumption (Vm) observed at pH 5. If the other kinetic
parameters and their confidence intervals are considered, pH 5
cultures do not appear to produce significant differences from
pH 6 cultures in terms of lactose consumption, galactose and
lactic acid production or NaOH consumption.

In order to normalize the data obtained from the six
cultures, results were expressed as a function of the refer-
ence time tm (in min) necessary to reach the maximal rate
of NaOH consumption (Fig. 1a and Fig. 2a). However, since

TABLE 1. Kinetic parameters characterizing fermentations of
L. bulgaricus CFL1 conducted at controlled pH 6 or pH 5

Parametera
Mean (95% confidence interval)b

pH 6 pH 5

Vm (g liter�1 min�1) –0.32 (0.03) –0.13 (0.02)
tm (min) 806 (23) 1,045 (34)
dNaOH (g liter�1) 29.1 (1.5) 23.8 (4.9)
dlact (g liter�1) 35.2 (0.8) 32.4 (2.1)
dgal (g liter�1) 19.2 (0.7) 16.9 (0.5)
dLA (g liter�1) 17.2 (0.4) 16.2 (0.5)

a dlact, total lactose consumption; dgal, total galactose production; dLA, total
lactic acid production. Other parameters are as defined in the text.

b Values are means of at least three measurements, with the corresponding
95% confidence intervals in parentheses.

FIG. 1. Time course of L. bulgaricus CFL1 physiological characteristics throughout fermentations performed at pH 6. (a) NaOH consumption
(—, g liter�1) and rate of NaOH consumption (dNaOH/dt, - - -, g liter�1 min�1); (b) cultivability (‚, CFU ml�1) and relative percentages of viable
(F, %), dead (E, %), damaged ( , %), and depolarized (�, %) cells; (c) specific acidification activity (tpH5.5, Œ, min); (d) intracellular pH (f),
pHext (�), and pH gradient (dpH � pHi – pHext) (u). Results are the means of at least three independent measurements. They are expressed
as a function of the time tm to reach the maximal rate of NaOH consumption as an adjusted time.
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the tm was higher at pH 5 than at pH 6, it must be remem-
bered that the resulting adjusted time was different in these
two conditions.

Analysis of L. bulgaricus CFL1 physiological characteristics
during pH 6 controlled fermentations. Viability, mortality, in-
jury, depolarization, pH gradient, and intracellular pH of L.
bulgaricus CFL1 during pH 6 cultures were quantified by using
multiparametric flow cytometry. The results were associated
with plate counts and acidification activity (Fig. 1) and dis-
cussed as a function of the time tm, necessary to reach the
maximal NaOH consumption rate (Fig. 1a).

As shown in Fig. 1b, whereas a maximal CFU concentration of
3.8 � 108 � 6 � 107 CFU ml�1 was reached at tm�100 min, a
significant drop in the percentage of viable cells was observed
throughout growth, from 93% � 3% before tm�200 min down to
34% � 2% at tm�800 min. The percentage of damaged cells
reached a maximum of 19% � 6% just before the maximal acid-
ification point and then decreased and stood quite stable at 8% �
1%. The viability decrease was inversely correlated to the per-
centage of dead cells, which rose by 58% � 2% in the same
period. Depolarized cells depicted a slight rise of 16% � 1%
during growth, before stabilizing during stationary phase. By com-
paring these results with dead cells percentages, it was observed
that only a small part of dead cells were depolarized.

During the stationary phase, CFU concentration stood quite
steady at a high level up to 500 min after the maximal acidifi-

cation point before decreasing down to 7 � 107 CFU ml�1

(Fig. 1b). Total viable cell counts (V, expressed as viable plus
damaged cells ml�1) determined by flow cytometry were well
correlated with plate counts (N, expressed in CFU ml�1) with
a significant coefficient of determination of 0.977. Neverthe-
less, they were slightly lower than plate counts with a mean
difference of 5% throughout growth. The corresponding linear
relationship was determined as follows:

log V � 0.95 (�0.05) � log N � 0.08 (�0.04); R2 � 0.977

(3)

From Fig. 1c it can be seen that the specific acidification
activity of L. bulgaricus CFL1 cells, measured by the Cinac
system, fluctuated throughout the culture when the pH was
controlled at pH 6. During exponential phase, the cellular
activity decreased significantly, as tpH5.5 increased from 215 �
10 min to reach a maximum of 461 � 39 min at the end of the
log phase (tm�100 min). During the stationary phase, the cells
recovered better acidification activity, as tpH5.5 decreased
down to 316 � 25 min at tm�300 min. It remained high and
stable at 327 � 9 min up to tm�500 min. Finally, it declined
gradually in late stationary phase, from tm�500 min until
tm�800 min.

The time course of intracellular pH (pHi) and pH gradient
(dpH) was followed during pH 6 fermentations and the results

FIG. 2. Time course of L. bulgaricus CFL1 physiological characteristics throughout fermentations performed at pH 5. (a) NaOH consumption
(—, g liter�1) and rate of NaOH consumption (dNaOH/dt, - - -, g liter�1 min�1); (b) cultivability (‚, CFU ml�1) and relative percentages of viable
(F, %), dead (E, %), damaged ( , %); (c) specific acidification activity (tpH5.5, Œ, min); (d) intracellular pH (f), pHext (�), and pH gradient
(dpH � pHi – pHext) (u). Results are the means of at least three independent measurements. They are expressed as a function of the time tm
to reach the maximal rate of NaOH consumption as an adjusted time.
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are summarized in Fig. 1d. These two parameters were stable
at pHi � 6.34 � 0.01 and dpH � 0.34 � 0.01 during the log
phase, until the stationary phase was achieved (tm�100 min).
At the beginning of the stationary phase, these two parameters
decreased to pHi � 6.05 � 0.01 and dpH � 0.05 � 0.01 at
tm�200 min and then remained stable until the end of fer-
mentation.

Analysis of L. bulgaricus CFL1 physiological characteristics
during pH 5 controlled fermentations. In order to further
analyze the effect of the fermentation pH on physiological
characteristics of L. bulgaricus CFL1, they were quantified
throughout pH 5 controlled cultures. The results are shown in
Fig. 2 and discussed as a function of the time tm, necessary to
reach the maximal NaOH consumption rate (Fig. 2a).

Fermentations performed at controlled pH 5 led to a max-
imal CFU concentration of 5.1 � 108 � 4 � 107 CFU ml�1.
This maximal concentration was reached at the end of log-
phase, at tm�60 min (Fig. 2b). The total viable cell counts (V)
determined by flow cytometry were 6% lower than plate counts
(N, in CFU ml�1) throughout growth, and these two variables
were well correlated. The corresponding linear relationship
was determined as follows:

log V � 0.94 (�0.10) � log N � 0.09 (�0.01); R2 � 0.967

(4)

As shown in Fig. 2b, the percentages of viable, dead, and
injured cells remained constant all along the growth curve at
67% � 5%, 20% � 3%, and 12% � 2%, respectively. As cell
depolarization was low throughout pH 5 culture, with �0.05%
of depolarized cells, results were not significant and therefore
not depicted on Fig. 2b.

From Fig. 2c it can be seen that specific acidification activity
decreased throughout pH 5 fermentation, as tpH5.5 increased
from 254 � 9 min until 423 � 11 min. Fluctuations were less
important than at pH 6. After a slight increase during log phase
until tm�100 min, the time to reach pH 5.5 remained stable at
314 � 5 min up to tm�400 min. Finally, the acidification
activity decreased, i.e., tpH5.5 increased up to 423 � 11 min at
tm�800 min.

Figure 2d shows that, in spite of a constant and low external
pH 5, the cells maintained a high intracellular pH (pHi 	 6)
and a high pH gradient (dpH 	 1) until the beginning of the
stationary phase. These two characteristics increased from the
beginning of the measurements up to a maximum of pHi �
6.5 � 0.05 and dpH � 1.5 � 0.05 at the end of the log phase
(tm�60). They then decreased down to pHi � 5.4 � 0.08 and
dpH � 0.4 � 0.08 at tm�800.

Relationship between dead cells and lactate concentration
in the culture medium. The final lactate level was fermentation
pH dependent. It was higher (	15 g liter�1) at the end of the
cultures conducted at pH 6 than at pH 5 (15 g liter�1) and
strongly associated to cellular mortality that increased from
1.9 � 106 to 8.2 � 107 cells ml�1 with lactate concentration.

If we consider that the fraction of dissociated lactate differed
according to the pH, the mortality of L. bulgaricus CFL1 was
related to these data. In Fig. 3, a linear correlation can be
observed between the logarithm of dead cell counts (D, in cells
ml�1) measured by flow cytometry and the lactate concentra-

tion (Lac, in g liter�1) in the culture medium. This relationship
was corroborated by the following linear relationship:

log D � 0.08 (�0.01) � Lac � 6.47 (�0.08); R2 � 0.882

(5)

DISCUSSION

Comparison of L. bulgaricus CFL1 physiological state dur-
ing controlled pH 6 and pH 5 cultures. As shown in our results,
even though L. bulgaricus CFL1 fermentations at pH 5 were
longer than at pH 6, as previously observed by Amrane and
Prigent (2) with low pH-controlled cultures of Lactobacillus
helveticus, they did not lead to significant differences in terms
of final lactose consumption, galactose and lactic acid produc-
tion, or NaOH consumption. The final CFU concentration was
slightly higher at pH 5 than at pH 6, but the difference was not
significant if standard deviations are considered. This result is
in agreement with that obtained by Mercade et al. (18), who
depicted a similar final biomass production when L. lactis
subsp. cremoris was cultured at pH 6.6 or pH 5. However, the
concentrations obtained in the current study were significantly
higher than those obtained by Rault et al. (20) when cultures
of L. bulgaricus CFL1 were performed without pH control
(1.3 � 108 CFU ml�1). This result is consistent with previous
studies which compared free and controlled pH cultures of L.
lactis (9) and L. bulgaricus (17).

At both fermentation pH, viable cell counts were well cor-
related with plate counts, but they remained slightly lower (5 to
6%, respectively). Such a difference was previously observed
with other fluorescent probes by Jepras et al. (16), who indi-
cated that the natural clumping of the cells may affect the flow
cytometry counts. Compared to flow cytometry samples that
need two dilution steps, plate count samples undergo more
dilution steps before being plated onto agar, thus facilitating
the break-up of cell clumps. Such a difference was not observed
during cultures of L. bulgaricus CFL1 performed without pH
control (20). This situation may be explained by considering
that pH affects L. bulgaricus chain length, which decreases with
pH (22). This hypothesis was corroborated by microscopic
analyses which displayed longer cell chains at pH 6 or pH 5
compared to cultures without pH control.

Comparison of pH 6 and pH 5 cultures displayed significant

FIG. 3. Relationship between the logarithm of dead cell counts
measured by flow cytometry (D, cells ml�1) and dissociated lactate
concentration in the culture medium (Lac, g liter�1), during fermen-
tations performed at pH 6 (f) and pH 5 (‚).
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differences in the dynamics of viability, membrane integrity,
acidification activity, intracellular pH, and pH gradient. We
first demonstrated that cellular acidification activity, viability,
and membrane integrity were maintained at high levels
throughout pH 5 cultures compared to pH 6 cultures. Conse-
quently, a lower pH control value allowed the cells to maintain
a more robust physiological state. This result is consistent with
those of Schepers et al. (24), who demonstrated that viability
and activity of L. helveticus cultures conducted at pH 4.2 were
better than pH 5.5 cultures.

A significantly higher dpH was observed throughout pH 5 cul-
tures (dpH 	 1) than with pH 6 cultures (dpH � 0.5). This higher
pH gradient at low pH allowed the cells to maintain their pHi at
values compatible with growth and cellular enzymatic activities.
This result is in agreement with those of Mercade et al. (18), who
compared the dpH of L. lactis subsp. cremoris grown at pH levels
varying between pH 6.6 and pH 4.4.

The dissociated lactate level influenced cellular viability,
membrane integrity, and depolarization. Differences in viabil-
ity between the fermentations performed at pH 6 or pH 5 may
be explained by the lactate concentration in the culture me-
dium. Lactic acid is a weak acid (pKa � 3.86), with a pH-
dependent dissociated lactate level that is prevalent and higher
at pH 6 than at pH 5. In light of equation 1, it diminished with
pH at the expense of the nondissociated form of lactic acid.
The concentration of the lactate form was well correlated with
cellular mortality and membrane damage. A high level of dis-
sociated lactate led to a high level of dead cells and then to a
poor physiological state of the population. This result indicates
that the dissociated form of lactic acid strongly affected the
physiological state of L. bulgaricus CFL1 by damaging mem-
brane integrity. It differed partially from the conclusions of
Amrane and Prigent (2) and Even et al. (12), who stated that
the nondissociated form of lactic acid was the main inhibitory
compound for growth of lactic acid bacteria. Nevertheless, it
was in agreement with the findings of Gonçalves et al. (13),
who depicted such a negative influence of the ionic lactate
form on Lactobacillus rhamnosus at high pH values, whereas
the nondissociated lactic acid was the inhibiting form at low
pH. This observation indicates that the lactic acid inhibition
mechanism may be described by combining total lactic acid
concentration and pH, thus taking into account the membrane
integrity damage induced by the ionic form at high pH values.
From a mechanistic point of view, this phenomenon can be
explained by considering pH homeostasis in the cells. Lactic
acid affects pH homeostasis through a mechanism that de-
pends upon both proton concentration, normally referred to
the weak acid inhibition mechanism that inhibits cellular reac-
tions, and lactate concentration, which might affect membrane
integrity and cellular viability.

Whereas high levels of dead cells were observed at pH 6
(	50%), most of these cells were not depolarized (�20% of
depolarized cells). These high levels were linked to the high
dissociated lactate concentrations inside (pHi 	 6) and outside
the cells when the pHext is 6. It induced a high level of negative
charges inside and outside the cell, thus leading to damaged or
dead cells that were not depolarized. Therefore, an enhanced
dissociated lactate concentration in the culture medium was
associated to an increased cellular mortality but not to cellular
depolarization.

The pH gradient influenced the progress of physiological
events during L. bulgaricus CFL1 controlled pH cultures. On
the basis of viability, acidification activity, intracellular pH, and
pH gradient measurements, significant differences were ob-
served during the fermentations which made it possible to
identify distinct physiological states. Two dynamic schemes
representing the progress of the cellular state during fermen-
tations performed at pH 6 and pH 5 are proposed in Fig. 4.
Four major periods at pH 6 and three major periods at pH 5
were outlined throughout the fermentations and are discussed
below.

From cultivability and viability measurements, the first pe-
riod (period 1) corresponded, in both cases, to the exponential
phase. When the pH was regulated at pH 6, the intracellular
pH and the pH gradient remained stable at, respectively, pHi
6.3 and dpH 0.3. The same has previously been observed with
L. bulgaricus that displayed stable pHi 6.5 and dpH 0.1 during
log phase of pH 6.4 cultures (17) and with L. lactis which
exhibited a constant dpH of 1.1 during growth at pH 6.5 (9). At
the same time, the cultivability increased concomitantly to the
decrease of viability and acidification activity. When entering
the stationary phase, the cells displayed a very low specific
acidification activity, i.e., a high tpH5.5 (tpH5.5 � 461 min)
and a decreasing percentage of viable cells, thus indicating that
they were in a bad physiological state. This observation con-
firms that the metabolic activity of the cells was mainly devoted
to their growth during the pH 6 log phase instead of their
physiological state.

FIG. 4. Schematic representation of physiological events during pH
6 or pH 5 L. bulgaricus CFL1 cultures. Bold lines correspond to main
changes in the cellular state. Distinct cellular phases are numbered.
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During pH 5 cultures, this behavior differed as acidification
activity decreased slightly during the log phase but was main-
tained at a higher level than at pH 6. The pHi increased during
this first period and was maintained in the range of 6.2 to 6.5,
which was associated to compatible pHi values for L. bulgaricus
growth (17, 20). Even if this pHi range is equivalent to that
observed at pH 6, the pH gradient was much more elevated
(dpH 1.2 instead of dpH 0.3). This difference that characterizes
a higher energetic level of the whole-cell system at pH 5 may
be related to the more stable and higher acidification activity,
as well as to the stable viability observed at pH 5. This result is
in agreement with the findings of Rault et al. (20) obtained
during cultures of L. bulgaricus CFL1 without pH control.

A second period (period 2) was observed during pH 6 fer-
mentations. It corresponded to the beginning of the stationary
phase and to the deceleration of the NaOH consumption rate.
It was characterized by the recovery of a high acidification
activity associated with a rapid decrease of intracellular pH
and of pH gradient, down to pHi 6.05 and dpH 0.05, respec-
tively. Viability and membrane integrity continued to decrease,
while the percentages of injured and depolarized cells re-
mained stable at low levels. A negative relationship was thus
demonstrated between the cellular activity and the intracellu-
lar pH and pH gradient. These results indicate that the de-
crease of the pH gradient makes it possible to deliver energy,
thus helping the cells to recover their cellular activity. Such an
annulment of dpH at the end of growth has previously been
described during L. lactis batch cultures at pH 6.5 (9).

During the following period (i.e., period 2 for pH 5 cultures
and period 3 for pH 6 cultures), cells were in the stationary
phase, as shown by cultivability measurements. Their acidifi-
cation activity was quite high and stable. Differences between
the two pH conditions concerned firstly the viability, which
decreased at pH 6 but was high and constant at pH 5. The
maintenance of such high cellular activity and viability during
the stationary phase has previously been observed during L.
helveticus cultures at low pH (24). Second, a lower lactate level
in the culture medium and a higher pH gradient value were
observed at pH 5. According to Rault et al. (20), such high dpH
values were compatible with high cellular cultivability, viability,
and acidification activity. By combining these results, it may be
proposed that cellular viability and membrane integrity are
maintained at high values only if the dpH remains high, as
during pH 5 cultures or during cultures without pH control
(20). On the contrary, when a low pH gradient was measured,
the cells no longer maintained their viability and membrane
integrity.

The last period (period 3 for pH 5 cultures and period 4 for
pH 6 cultures) was characterized by the decrease of both cul-
tivability and acidification activity. At pH 6, this decrease was
related to a reduction of viability that reached less than 50% of
viable cells in the total population, whereas at pH 5, viability
and membrane integrity remained high and constant. As pre-
viously explained, this difference in cellular viability was asso-
ciated with the lower lactate level and the significantly higher
pH gradient at pH 5 (dpH 	 0.42) compared to pH 6 (dpH �
0.05). Despite these high pH gradient and viability values ob-
served during pH 5 cultures, the pHi decreased to pHi � 5.42.
This value was lower than 5.8, which was considered by Rault
et al. (20) as the limit value compatible with growth and acid-

ification activity of L. bulgaricus CFL1. This situation may
explain the decrease in cultivability and acidification activity
during this last period.

Conclusion. As a final conclusion, this study makes it pos-
sible to establish the progress of the physiological events
that occur during controlled pH cultures of L. bulgaricus
CFL1. It points out strong differences in the time course of
mortality (membrane damage), viability (enzymatic activ-
ity), cellular depolarization, intracellular pH and acidifica-
tion activity between pH 6 and pH 5 controlled cultures.
Viability and acidification activity were higher and more
stable during growth when cultures were carried out at pH
5, instead of pH 6. These divergences can mainly be ex-
plained by differences in dissociated lactate concentration,
intracellular pH, and pH gradient during growth. These key
factors grant a better understanding of the influence of
fermentation pH on L. bulgaricus CFL1 cellular state in
growing conditions.

At an industrial stage, such results may prove useful to
starter producers and fermented-product manufacturers, al-
lowing these producers and manufacturers to better control
the quality of their starters, before freezing or before using
them for food fermentation. Within this approach, produc-
ers and manufacturers may select a well defined physiolog-
ical state for a given application and apply well defined
conditions (harvesting time and pH) to achieve this physio-
logical state. From an economical point of view, the cost of
the flow cytometry method remained quite high, thus rep-
resenting a drawback to its development. Conversely, the
Cinac system is still highly used, which confer it a great
interest.

In the future, such discrimination between different physio-
logical states in growing conditions may be useful to standard-
ize the cells in a well-defined physiological state during their
production. We also aim at explaining the observed differences
by analyzing the intracellular proteome and the membrane
fatty acid composition of the cells.
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